We present and analyze a rich dataset including Subaru/SuprimeCam, HST/ACS and WFC3, Keck/DEIMOS, Chandra/ACIS-I, and JVLA/C and D array for the merging cluster of galaxies ZwCl 0008.8+5215. With a joint Subaru+HST weak gravitational lensing analysis, we identify two dominant subclusters and estimate the masses to be M 200 = 5.7 −0.6 × 10 14 M . We estimate the projected separation between the two subclusters to be 924 +243 −206 kpc. We perform a clustering analysis of spectroscopically confirmed cluster member galaxies and estimate the line of sight velocity difference between the two subclusters to be 92 ± 164 km s −1 . We further motivate, discuss, and analyze the merger scenario through an analysis of the 42 ks of Chandra/ACIS-I and JVLA/C and D array polarization data. The X-ray surface brightness profile reveals a merging gas-core reminiscent of the Bullet Cluster. The global X-ray luminosity in the 0.5-7.0 keV band is 1.7±0.1×10
INTRODUCTION
Galaxy clusters take shape through a series of hierarchical mergers. Particularly violent mergers are capable of stripping gas off the previously relaxed clusters allowing the approximately collisionless galaxies and dark matter (DM) to run ahead. These mergers are said to be dissociative (Dawson 2013) ; examples include the Bullet Cluster Clowe et al. 2006) , the Sausage Cluster Jee et al. 2015) , and several of the Frontier Field clusters (see e.g., Merten et al. 2011; Golovich et al. 2016) .
Some mergers display shocks in the X-ray emitting gas that are traced by radio relics (e.g. Shimwell et al. 2015; van Weeren et al. 2017) . When seen edge on, these appear as large (Mpc scale), diffuse radio features (e.g. van Weeren et al. 2010; Feretti et al. 2012) . Mergers that occur with collision speeds greater than the intracluster medium (ICM) sound speed likely have large scale shocks, but only some have radio relics. The presence of radio relics in a given merging cluster depends on factors that are not directly observable (e.g., magnetic fields in the cluster); however, mergers with radio relics have more tightly constrained dynamical parameters (Ng et al. 2015; Golovich et al. 2016) . This can be due to factors relating to a relationship between the viewing angle of the merger and polarization of the radio relics, and also, the mere presence of a radio relic in a merging cluster seems to imply that the merger axis is near the plane of the sky (Skillman et al. 2013) . ZwCl 0008.8+5215 (hereafter ZwCl 0008, see Figure 1 ) is a bimodal merger with two radio relics, which enables us to understand and constrain the dynamics of the merger accurately. In this paper we present optical, spectroscopic, X-ray, and radio observations; a wide range of analyses enable us to constrain the dynamics precisely.
van Weeren et al. (2011c) first identified ZwCl 0008 as a double radio relic system while carrying out an extensive search in the 1.4 GHz NVSS, 325 MHz WENSS, and 74 MHz VLSS surveys searching for radio relics in known clusters with possible X-ray emission from the ROSAT All-Sky Survey (RASS, Voges et al. 1999) . For ZwCl 0008, the radio relics were seen first, and cluster emission in RASS corresponding to ZwCl 0008 was subsequently identified, even though it did not meet the criteria for RASS source catalogs. van Weeren et al. (2011c) carried out a radio survey of ZwCl 0008 with Giant-Meterwave Radio Telescope (GMRT) observations at 241 MHz and 640 MHz and Westerbrook Synthesis Radio Telescope (WSRT) observations at 1.3-1.7 GHz in full polarization mode. Two radio relics were identified, with the eastern relic ten times larger than the western relic. Spectral index maps show a steepening trend toward the cluster arXiv:1703.04803v1 [astro-ph.GA] 14 Mar 2017 center for both relics indicating motion away from the center. The spectral indices at the front of the relics were reported to be −1.2 ± 0.2 and − 1.0 ± 0.15 for the east and west relics respectively. Taking these as the injection spectral indices, Mach numbers (M) of 2.2 +0.2 −0.1 and 2.4 +0.4 −0.2 were reported for the east and west relics. In addition, the polarization was measured at 5 − 25% for the east relic and 5 − 10% for the west relic. van Weeren et al. (2011c) also obtained Isaac Newton Telescope (INT)/WFC imaging in V, R, and I bands with 6,000 s exposures. Galaxy isodensity contours suggest a bimodal distribution between the relics. A spectrum of one of the cD galaxies was obtained with a 600 s exposure using William Herschel Telescope (WHT)/ACAM. The spectroscopic redshift was measured to be 0.1032. With this redshift and the RASS count rate, the X-ray luminosity was determined to be ∼ 5×10 43 erg s −1 . Using the L X − T X scaling relation from Pratt et al. (2009) , they found a corresponding temperature of ∼ 4 keV. ZwCl 0008 was studied in a follow up simulation analysis by Kang et al. (2012) , whose diffusive shock acceleration simulations showed that M = 2 explains the relics in ZwCl 0008 regardless of the level of pre-existing relativistic electrons. They also find a projection angle between 25 and 30 • to best model the spectral index and radio flux.
Most recently, Kierdorf et al. (2016) studied ZwCl 0008 with high frequency radio observations at 4.85 GHz and 8.35 GHz with the 100 Effelsberg telescope. They studied the polarization and spectra index of the radio emission and found the polarization fraction of the east relic to vary between 20 and 30%. They find the radio spectrum be 1.44±0.04, which indicates that ZwCl 0008 is a weak shock. They estimate a Mach number of 2.35±0.1, which is good agreement with van Weeren et al. (2011c) . The highest frequency radio observations did not cover the west relic, so no estimates are made for this feature.
In this paper, we add to the understanding of this system with a wealth of data: Subaru/SuprimeCam optical imaging (g and r), a spectroscopic survey with Keck/DEIMOS, 42 ks of Chandra/ACIS-I integration time, six hours of JVLA C and D array observations, and two orbits of HST/ACS+WFC3 optical imaging (F606W and F814W). We will compile the results from analyses of each of these datasets and generate inputs for a Monte Carlo dynamical analysis. In §2, we discuss our observations including target selection, observation, and reduction for each dataset. In §3 we generate three galaxy catalogs from our spectroscopic and imaging data to be studied in §4, where we analyze the catalogs to estimate the position, mass, and redshift of substructure. In §5, we analyze the X-ray and radio data, which will be used in conjunction with the subcluster analysis to develop the merger scenario in §6. In §7, we complete a Monte Carlo analysis to constrain the merger dynamics. Finally, in §8 we discuss and summarize our results. We assume a flat ΛCDM universe with H 0 = 70 km s −1 Mpc −1 , Ω M = 0.3, and Ω Λ = 0.7. At the cluster redshift (z = 0.104), 1 corresponds to 115 kpc.
OBSERVATIONS

Keck/DEIMOS
We conducted a spectroscopic survey of ZwCl 0008 with the DEIMOS (Faber et al. 2003 ) spectrograph on the Keck II telescope over three separate observing runs (16 January 2013 , 14 July 2013 and 5 September 2013 . All three observing runs were taken with 1 wide slits and the 1,200 line mm −1 grating, tilted to a central wavelength of 6,700Å, resulting in a pixel scale of 0.33Å pixel −1 , a spectral resolution of ≈ 1Å (50 km s −1 ), and a typical wavelength coverage of 5,400Å to 8,000 A. For most cluster member spectra, the wavelength range covered Hβ, [O III] , Mg I (b), Fe I, Na I (D), [O I] , Hα, and the [N II] and [S II] doublets. This spectral setup enables the study of star formation properties of the cluster galaxies as in Sobral et al. (2015) . Slits were arranged with a position angle enabling for optimal sky subtraction and to minimize chromatic dispersion by the atmosphere (Filippenko 1982) . We observed a total of four slit masks with approximately 75 slits per mask. For each slit mask, we took three 900 s exposures with the goal of maximizing the number of cluster member spectroscopic redshifts with the survey.
The Subaru/SuprimeCam imaging was unavailable during spectroscopic survey planning, so we used the INT/WFC imaging described above (van Weeren et al. 2011c) to determine the approximate red sequence of the cluster to map out where the galaxies are located. The seeing was 0.9-1.3 . The low galactic latitude (b = −9.8647
• ) and subpar seeing resulted in poor star/galaxy separation in the INT/WFC imaging. We identified a weak red sequence, which was prioritized first. Blue cloud galaxies were targeted with a lower priority in order to fill the mask. We used the DSIMULATOR package to design each slit mask.
The DEIMOS target selection has some selection effects that will affect the analyses below. First, the 5 × 16.7 DEIMOS field of view does not permit us to probe all of the cluster outskirts. This results in some missing data in the spectroscopic survey. Also, multiple slits may not intersect along the dispersion axis of the slit mask, which limits our ability to sample the dense regions of the subcluster centers.
The exposures for each mask were combined using the DEEP2 versions of the spec2d and spec1d packages (Newman et al. 2013) . Spec2d (Cooper et al. 2012 ) combines the individual exposures, performs wavelength calibration, removes cosmic rays, and performs sky subtraction before generating a processed two and one-dimensional spectrum for each object in a slit. Spec1d then fits a template spectral energy distributions (SED) to each 1D spectrum and estimates a redshift using various SED templates for stars, galaxies, and other sources. Finally, we visually inspect the spectra using zspec (Newman et al. 2013 ), assigning quality rankings to each redshift fit (following the convention of Newman et al. 2013 ). We manually extracted spectra for serendipitous objects that the pipeline missed, and we manually fit redshifts where the pipeline failed to identify the correct fit.
Subaru/SuprimeCam
ZwCl 0008 was observed with Subaru/SuprimeCam in two filters. In g, the total integration time was 720 s consisting of four 180 s exposures. In r, the total integration time was 2,880 s consisting of eight 360 s exposures. 500 kpc Figure 1 . Multi-wavelength view of ZwCl 0008 including Chandra X-ray data (red shading), WSRT radio data (green shading; van Weeren et al. 2011c), joint HST-Subaru weak lensing mass (blue shading), and Subaru red sequence luminosity (white contours). The cyan rectangles show the approximate pointings of our HST/ACS+WFC3 observation scheme.
We rotated the field between each exposure (30
• for g and 15
• for r) in order to distribute the bleeding trails and diffraction spikes from bright stars azimuthally to be later removed by median-stacking. This scheme enabled us to maximize the number of detected galaxies, especially for background source galaxies for weak lensing (WL) near stellar halos or diffraction spikes. The median seeing for the g and r images was 0.52 and 0.57 respectively.
The CCD processing (overscan subtraction, flatfielding, bias correction, initial geometric distortion rectification, etc) was carried out with the SDFRED2 package (Ouchi et al. 2004) . We refined the geometric distortion and World Coordinate System (WCS) information using the SCAMP software (Bertin 2006) . The Two Micron All Sky Survey (Skrutskie et al. 2006, 2MASS; ) catalog was selected as a reference when the SCAMP software was run. We also rely on SCAMP to calibrate out the sensitivity variations across different frames. For image stacking, we ran the SWARP software (Bertin et al. 2002) using the SCAMP result as input. We first created median mosaic images and then used it to mask out pixels (3σ outliers) in individual frames. These masked frames were weight-averaged to generate the final mosaic, which is used for the scientific analysis hereafter. The final image is displayed in the top panel of Figure 2 as a colorcomposite image. Readers are referred to our previous WL analyses for more details on Subaru data reduction (e.g., Jee et al. 2015 Jee et al. , 2016 .
Hubble Space Telescope
Two subfields (see Figure 2 ) of ZwCl 0008 were observed with HST using both Advanced Camera for Surveys (ACS) and Wide Field Camera 3 (WFC3) in parallel during the 2013 October 10 and 2014 January 24 periods under the program HST-GO-13343. Each region was imaged with two orbits of ACS/F814W and two orbits of WFC3/F606W.
Charge transfer inefficiency (CTI) is an important issue when dealing with CCDs in space as high-energy particles damage the detectors and create a number of charge traps for electrons and holes. The effect is severe in both detectors, which if uncorrected for, would leave substantial charge trails and compromise our scientific capability. The current pipeline of the STScI automatically corrects for this effect using the latest pixel based method (Úbeda & Anderson 2012) . The importance of such a correction for WL applications is outlined in Jee and the Lanczos3 kernel. Readers are referred for more details to our previous WL analyses for more details on HST data reduction (e.g., Jee et al. 2014 Jee et al. , 2016 . The combined ACS and WFC3 images are presented in the bottom panels of Figure 2 .
2.4. Chandra X-ray We obtained 42 ks of Chandra/ACIS-I observations of ZwCl 0008 (ObsID: 15318, 17204, 17205) during Cycle 14 and 16. The Chandra data were reduced with the chav package following the process described in Vikhlinin et al. (2005) , and using CALDB 4.6.5. The calibration includes the application of gain maps to calibrate photon energies, filtering of counts with ASCA grade 1, 5, or 7 and from bad pixels, and a correction for the position-dependent charge transfer inefficiency. Periods with count rates a factor of 1.2 above the mean count rate in the 6-12 keV band were also removed. Standard blank sky files were used for background subtraction. The final exposure corrected image was made in the 0.5-2.0 keV band using a pixel binning of a factor of four.
2.5. JVLA Radio ZwCl 0008 was observed with the Jansky Very Large Array in D-array and C-array. All four correlation products were recorded in the 2-4 GHz S-band. Two different pointing centers were observed, one centered on the east relic (00 h 12 m 23.60 s , 52
• 35 22.00 ) and one on the west relic (00 h 11 m 16.50 s , 52
• 30 53.00 ). A summary of the observations is given in Table 1 .
The data were reduced with the CASA software (version 4.5, McMullin et al. 2007) . The data reduction is very similar to that described in van Weeren et al. (2016) . In summary, radio frequency interference is flagged in an automatic way employing the tfcrop mode of the CASA flagdata task and AOFlagger (Offringa et al. 2010) . We then obtained bandpass, gain, delay, cross-hand delay, polarization leakage and polarization angle solutions for our calibrator sources. These solutions are transferred to the target field. For the target field, the two pointings and array configurations were reduced separately. The calibration solutions were refined via the process of selfcalibration. We used w-projection (Cornwell et al. 2005 (Cornwell et al. , 2008 and MS-MFS clean (nterms=2, Rau & Cornwell 2011) .
Clean boxes were used at all stages, created with the PyBDSM source detection package (Mohan & Rafferty 2015) . During the self-calibration we employed Briggs (1995) weighting with a robust factor of 0. In the end, the D-and C-array data were combined and imaged together for each pointing. One extra round of phase selfcalibration was carried out on the combined data.
GALAXY CATALOGS
In this section, we combine our spectroscopic (Keck/DEIMOS, §2.1) and photometric (Subaru/SuprimeCam, §2.2 and HST/ACS and WFC3, §2.3) data to produce galaxy catalogs, which we will use to estimate the subcluster masses, redshifts, and locations, which in turn are the basic inputs for our Monte Carlo dynamical analysis (see §7).
3.1. Spectroscopic Catalog We obtained spectra for 324 objects in the ZwCl 0008 field, of which, 279 objects are assigned a reliable redshift, with the other 45 objects being either too noisy or having too few discernible spectral features to fit a redshift. There are 76 stars and 203 galaxies. Figure 5 shows the redshift distribution of the 203 high quality (Q≥3, see Newman et al. 2013 ) galaxy spectra (see Table 2 ). Of the galaxies, six are foreground galaxies, 80 are background galaxies, and 117 fall between 0.093 ≤ z ≤ 0.115, which is z cluster ± 3000 km s −1 , where z cluster = 0.104. This range is ∼ ±3σ, where σ is the velocity dispersion. These 117 galaxies are considered cluster members. Since our Keck/DEIMOS spectroscopic survey primarily targeted red sequence cluster galaxies, it is a highly incomplete survey of blue cloud cluster galaxies. Our spectroscopic catalog will be utilized in a Gaussian mixture model (GMM) analysis to test for three dimensional substructure in §4.1.
Photometric Catalogs
Here we will make use of our Subaru/SuprimeCam and HST/ACS+WFC3 data to generate two catalogs of galaxies to study in various analyses. The first is a red sequence cluster member catalog using the Subaru data. This data will be used to generate galaxy number density maps to study the projected separation between subclusters. The second is a joint-Subaru/HST WL source catalog including shape measurement.
Red sequence catalog
We limit the catalogs to a radius of 15 (1.734 Mpc) from the center of the Subaru field (RA =00 h 11 m 42.4 s , DEC =52
• 31 41.0 ). For object detection and shape catalog generation, we refer readers to Jee et al. (2015) for details, but in brief, we run SExtractor (Bertin & Arnouts 1996) in dual image mode using the r-band image for detection. The blending threshold parameter BLEND-NTHRESH is set to 32 with a minimal contact DEBLEND MINCONT of 10 −4 . We employ reddening values from Schlafly & Finkbeiner (2011) to correct for dust extinction. ZwCl 0008 sits close to the plane of the galaxy (l = 116.7747
• , b = −9.8647 • ), so the extinction is substantial and variable (0.7 < A g < 1.3 magnitudes, 0.49 < A r < 0.86 magnitudes over the Subaru field of view). Finally, we measure object shapes for WL from the r-band images, which provides 0.57 seeing. The SuprimeCam observations were carried out on the same night as observations of another system (MACS J1752.0+4440) that is covered by the Sloan Digital Sky Survey (SDSS) footprint. We transferred the SDSS zero-point through MACS J1752.0+4440. We observed MACS J1752.0+4440 at an average airmass of 1.12, while we observed ZwCl 0008 at an average airmass of 1.60, so we corrected for the extinction due to the extra 0.48 airmasses. Atmospheric extinction values for Mauna Kea were taken from Buton et al. (2013) .
Since the redshift of ZwCl 0008 is relatively low, it is expected that cluster members will have high signal to noise and correspondingly good photometry. We enforce that objects have uncertainties in their magnitudes of less than 0.5 magnitudes, and we restrict the magnitude range to 14.5 < r < 22 and 14.5 < g < 22. This eliminates very bright stars that might pass morphological cuts on their size (which is inflated due to saturation and bleeding) as well as false detections at extremely faint magnitudes. The excellent seeing (0.57 ) of the Subaru r-band imaging enables accurate star-galaxy separation via cuts on the half-light radius (see Figure 3) . We eliminate objects with a half-light radius of less than 2.25 pixels (0.45 ). The rest of the boundary changes slope with the stellar track. Over 50% of the objects in the Subaru catalog are removed. The fraction of stars is high because of the low galactic latitude. There are a high number of binary stars and blended objects where the dominant light is from a star which explains the blue points to the right of the stellar track in Figure 3 . A clear and tight red sequence is visible in a color magnitude diagram, which is presented in Figure 4 . We highlight this red sequence by plotting matched spectroscopically confirmed cluster members (primarily selected from the red sequence in INT/WFC imaging). Some spectroscopic members are below the red sequence box. These are blue cloud galaxies of the cluster, which were significantly under sampled. In the 15 radius field, 19,014 galaxies are left after the star-galaxy separation (27 galaxies arcmin −2 ). After applying the red sequence cut from Figure 4 , we find 950 cluster member galaxies within a 15 radius. We estimate the purity of this sample of red sequence galaxies by considering the population of spectroscopic stars and galaxies in the red sequence selection. These should be considered rough estimates, as the red sequence is defined out to r = 22, while the spectroscopic sample's completeness significantly decreases at fainter magnitudes. Within the prescribed red sequence selection region, there are 101 objects with secure redshifts. Of these, 77 are cluster members; zero are foreground galaxies; 20 are background galaxies; four are stars. We mapped the contaminants for spatial significance, and there is no obvious projected structure; thus, we do not expect significant bias in the subcluster location estimates from the red sequence sample. We will make use of this catalog in §4.3 to estimate the projected distance between subclusters and the projected offset between cluster components. Subaru Objects DEIMOS Stars DEIMOS Cluster Galaxy Figure 3 . Size-magnitude diagram based on dust-corrected Subaru g versus object half-light radius. Overlaid are spectroscopically confirmed cluster members and stars. The red line defines the stargalaxy separation, with galaxies below and to the right of the line.
Weak lensing source catalog
To generate the lensing source catalog we combine the Subaru and HST data. The goal is to compile a catalog of background galaxies with shape and color measured for each galaxy.
For the Subaru data, we rely on color-magnitude relations to differentiate between cluster members and lensing sources. The color is defined by g − r, which brackets the 4000Å break at the redshift of the cluster. For the Subaru catalog, we make use of the red sequence (see . Color-magnitude diagram based on dust-corrected Subaru g − r versus r-isophotal magnitudes. Overlaid are the 117 spectroscopically-confirmed cluster members. These lie along the red sequence because they were largely targeted via a red sequence selection as described in §2.1. The two BCGs are the left-most green dots in the red boxed region.
Figure 4) to eliminate likely cluster members from the source catalog. We allow objects redder than the red sequence at any magnitude, as well as any objects bluer than the red sequence and fainter than r = 22. In addition to the color and magnitude selection, we apply the following shape criteria: the post-seeing half light radius must be greater than 0.44 , the shape uncertainty must be less than 0.3 after PSF deconvolution, and the semiminor axis must be greater than 0.3.
For the HST catalog objects are selected if their magnitude in F814W is between 20 and 27, their ellipticity error is less than 0.25, their half life radius is greater than 1.3 pixels, and their semi-minor axis is greater than 0.4 pixels. This results in a source density of 76 and 82 arcmin −2 for the east and west pointing respectively. The photometric coverage is characterized by three regions. For the Subaru-only and the HST region with only ACS/F814W is available, we use Subaru colors. To estimate the source redshift distribution, we make use of the photometric catalog from Dahlen et al. (2010) from the Great Observatories Origins Deep Survey (GOODS; Giavalisco et al. 2004 ). Specifically, we used the GOODS-S catalog, which covers ∼160 arcmin 2 . The three photometric regions need to be estimated separately. For the first region, with Subaru-only photometry, we perform a photometric transformation of the g-r color to match the ACS colors. For each region, we estimate the angular diameter distance ratio: β = D ls /D s , where D ls and D s are the angular diameter distances between the lens and the source and between the observer and the source, respectively. Knowledge of β is required to estimate the surface mass density. For the Subaru-only region, we estimateβ = 0.817, and after correcting for the difference in depth of the GOODS survey with our data, we determineβ = 0.805. For the ACS only region, we find β = 0.867. Finally, for the ACS+WFC3+Subaru region, we assume F814W to match F775W in GOODS and find β = 0.851.
GALAXY AND MASS ANALYSIS
In this section, we analyze the three galaxy catalogs developed in §3. Our goal is to identify the merging subclusters and estimate their redshifts, masses, and projected separations. These quantities will be input into the dynamical analysis of §7.
Subcluster Analysis
We have generated two catalogs of cluster member galaxies. The spectroscopic catalog is pure but highly incomplete, and it is limited by the spectroscopic selection effects. The red sequence catalog was trained by the location of the spectroscopic sample and is more complete, but it contains contaminants. A number of one dimensional (velocity), two dimensional (projected space), and three dimensional (velocity + projected space) clustering algorithms have been developed to test for clustering within discrete data (see Pinkney et al. 1996 , for a review). Our primary goal is to determine the number and location of subclusters that are dynamically bound and active participants in the merger. That being said, it is helpful to identify any foreground or background clustering to rule out groups of galaxies from the merging event (see e.g., Abell 781; Wittman et al. 2006) . Furthermore, any line of sight (LOS) structure must also be accounted for and carefully modeled to properly infer the mass distribution of a cluster. Figure 5 shows the redshift distribution from the spectroscopic survey. The redshift distribution of ZwCl 0008 is well modeled by a single Gaussian (p-value of 0.959). For this reason, we will forgo detailed one-dimensional analyses. The presence of radio relics and bimodal galaxy distributions revealed by van Weeren et al. (2011c) provides sufficient evidence that ZwCl 0008 is in a merging state and composed of more than one subcluster. We can infer that the subclusters must not have a substantial LOS velocity difference in the observed state because the redshift distribution is well modeled by a single Gaussian. This leaves the possibility that the subclusters are either moving in the plane of the sky and/or near apocenter.
To utilize the information of all three dimensions in the spectroscopic catalog, we use a GMM algorithm from the python package SciKit-Learn (Pedregosa et al. 2011 ). The first implementation of the following method was presented in Dawson et al. (2015) . This python package gives options to the form of the covariance matrix. We vary the number of components (in both the full and diagonal covariance models), and in Figure 6 we compare the models by their Bayesian information criterion (BIC) relative to the lowest BIC amongst the models tested. A two component, diagonal model is preferred for the spectroscopic catalog. A one component full covariance model is also an acceptable fit; however, the model is highly elliptical and we deemed it unphysical.
We use this model to infer membership of the individual galaxies in each subcluster. Galaxies are assigned to the Gaussian that gives the largest probability of membership. A corner plot is presented in Figure 7 detailing the model. The ellipses in the scatter plots show the two-dimensional projections of the three-dimensional Gaussians that were determined to explain the spectroscopic catalog. The one dimensional histogram panels show normalized right ascension, declination, and redshift histograms of the determined subclusters. In the bottom-left scatter plot, projected locations of the two subclusters are shown. The GMM has largely identified the two subclusters to be split down the middle of the spectroscopic survey in projected space. ∆BIC plot comparing GMM fits to the threedimensional (right ascension, declination, and redshift) distribution of all the cluster member spectroscopic galaxies with varying number of Gaussian components and covariance type. We plot the results for models with diag (blue circles) and full (green triangles) covariance types. The purple shaded regions roughly denote how a given model compares with the model with the lowest BIC score (Kass & Raftery 1995) . The most economical fit is a twocomponent model with diag covariance structure.
Subcluster Redshifts
As mentioned, one of the three primary inputs for the dynamical analysis of §7 is an estimate of the LOS velocity difference between the merging components. In the previous subsection, we have identified two merging subclusters, and here we will analyze their redshift distribution. We estimate the redshift and velocity dispersion of the two subclusters by making use of the biweight statistic and bias-corrected 68% confidence limits (Beers et al. 1990 ) applied to bootstrap samples of each subcluster's spectroscopic redshift catalog. We find very similar redshifts for the two subclusters, which have a relative LOS velocity difference of just 82 ± 150 km s −1 . The velocity dispersions of the two subclusters (736 +76 −50 km s −1 and 895 +117 −93 km s −1 for the east and west subcluster, respectively) can be used to estimate the mass of the system (Evrard et al. 2008) . We find the west subcluster to be 7.7 +3.4 −2.1 × 10 14 M and the east subcluster to be 4.3
−0.8 × 10 14 M . Velocity dispersion mass estimates have been shown to be biased high in disturbed systems due to the overlap of the two potential wells increasing the velocities of galaxies (Carlberg 1994). However, Pinkney et al. (1996) demonstrated that the bias is substantially diminished by the time the subclusters have reached apocenter ∼1 Gyr after pericenter in a 3:1 mass ratio simulation, which is similar to the configuration of ZwCl 0008. We present these masses for comparison to the WL mass estimates of §4.4.
There is bias introduced by the GMM's inability to properly assign membership in the areas where the two overlap. To test this effect, we simulated the cluster repeatedly by randomly selecting galaxies from 3D Gaussians with a grid of values near the values from the heretofore analysis. We cut the data to the DEIMOS footprint, and ran the simulated data through the twocomponent 3D GMM. We found a systematic bias in the measured velocity information. The velocity difference is underestimated by 10 ± 68 km s −1 . This is to be expected because contaminants tend to decrease (increase) the inferred line of sight velocity of the higher (lower) redshift subcluster. Additionally, the subcluster velocity dispersions are found to have been artificially inflated by 5.1 ± 70 km s −1 and 7.0 ± 85 km s −1 for the east and west subclusters, respectively. The bias is small because the two subclusters have very similar line of sight velocities and unsubstantial differences in velocity dispersion to begin with; however, this effect is an important consideration in general for any subclustering algorithm. Figure 8 shows the redshift distributions of the two subclusters and accounts for this bias. The low velocity difference is only possible if the merger is occurring in the plane of the sky and/or is near apocenter. We will attempt to differentiate between the two possibilities using information from the radio relics in §7.
The uncertainty in the bias is large despite 10 5 realizations; it comes largely from the GMM's inability to determine the center of the subclusters, which are generally known quite well given the location of dominant BCGs and the total mass distribution from the weak lensing analysis in §4.3.2. We have accounted for additional priors on the location of the subclusters with a MCMC method (Golovich et al. 2016) ; however, in this cluster, the two codes gave nearly identical results, so we opted for the simpler implementation since we complete a weak lensing analysis as well. Accounting for the estimated biases, the line of sight velocity difference is 92 ± 164 km s −1 and the dynamical mass estimates are 4.2 and west subclusters, respectively. For comparison, the entire spectroscopic catalog has a velocity dispersion of 821 +56 −65 km s −1 , and a corresponding dynamical mass estimate of 6.0
14 M . The total dynamical mass estimate is lower than the sum of the parts, which is a feature of splitting velocity histograms (Benson et al. in prep) . These mass estimates are summarized along with all other mass estimates in Table 5 .
Projected Separation
Galaxy Distribution
Here we study the projected red sequence galaxy distribution. Red sequence luminosity is expected to trace the mass in the cluster (Bahcall & Kulier 2014) , so each galaxy is weighted by its observed r-band luminosity assuming the average distance of the cluster. We computed the optimal bandwidth for smoothing the luminosity distribution with a two dimensional Gaussian kernel using a take-one-out cross-validation scheme while maximizing the likelihood of our data under the KDE. The optimal bandwidth is 96 × 52 . We elected to smooth the luminosity distribution with a symmetric kernel with a width of 74 , and the resulting density map is presented in Figure 9 . The merger axis lies mostly east-west between two dominant subclusters with the eastern subcluster slightly north of the western subcluster. This is in agreement with the radio relics and X-ray surface brightness profile (see §5). The red sequence luminosity profile for the eastern subcluster is elongated east to west. This could indicate composite structure in the eastern substructure; however, the regularity of the eastern radio relic and the lack of similar structure in the X-ray surface brightness map (see Figure 12 ) suggests a bimodal merger. The projected separation between the east and west luminosity peaks is 944 +30 −40 kpc. To quantify the uncertainty, we perform a bootstrap analysis on the red sequence catalog. We discretize the luminosity of each galaxy in units of the least luminous galaxy, and randomly draw (with replacement) from the discretized luminosity catalog. We generate a red sequence luminosity map for each realization and measure the projected separation between the two luminosity peaks. Because the BCGs are hundreds of times brighter than the dimmest red sequence galaxy, the uncertainty is small except for the eastern subcluster, where several bright galaxies lie east to west in the vicinity of the BCG. The results of this analysis are presented in Tables 3 and 4 .
Mass distribution
Here we will discuss the two dimensional mass reconstruction using both HST and Subaru data, and later in §4.4 we will discuss the mass estimation of the two subclusters. Interested readers are referred to Bartelmann & Schneider (2001) and Hoekstra (2013) for more details on WL and its application to galaxy clusters; readers are referred to Jee et al. (2014 Jee et al. ( , 2015 for more details regarding the method presented here. First, we perform mass reconstruction over a 20 ×20 region centered on the cen- ter of the Subaru field of view. The two dimensional mass reconstruction is based on the maximum entropy method of Jee et al. (2007) . The method uses the entropy of the mass bins to adaptively smooth the mass map with a kernel related to the local S/N. The mass reconstruction is presented in Figure 10 and clearly shows the east-west elongation seen in the galaxies. The eastern mass peak is much broader and is generally extended along the same axis as the galaxies. Interestingly, the eastern luminosity peak extends further east than the mass peak. This is due to the BCG sitting ∼300 kpc east of the mass peak. Note that several bright galaxies sit to the west of the BCG as evident by the red sequence luminosity profile extending back toward the mass peak. The western mass peak is less significant, but is well aligned with the western luminosity peak. The two mass peaks lie collinearly with the two radio relics, which supports a binary, headon merger scenario. A distinct mass peak sits southeast of the rest of the cluster, but it is not coincident with a red sequence galaxy density peak, and it is away from the spectroscopic survey. The two mass peaks are aligned with the HST fields, but we verified the location of the two mass peaks with a Subaru-only mass reconstruction.
To quantify the significance and uncertainty in the peak locations, we perform bootstrap analysis on the source catalog, resampling galaxies while allowing duplication and generating a mass map for each realization. We find the peak locations for the east and west subclusters in each realization and create 1-and 2-σ confidence regions and record the projected separation for each realization. The results are shown in Figure 11 along with the red sequence luminosity, BCGs, and X-ray surface brightness peak locations in inferred from the respective bootstrap analyses. The estimated position and uncertainties of the mass peaks as well as projected separations between the east and west subclusters are summarized in Table 3 . Similarly, the offsets between subcluster components are estimated with bootstrap analyses and presented in Table 4 . We will discuss these estimates further in §8.4.
Mass Estimation
In order to estimate the mass of the two subclusters, we follow the approach of Jee et al. (2014 Jee et al. ( , 2015 , where the merging systems were modeled as binary systems. This is natural for ZwCl 0008, as evident from its bimodal mass and galaxy luminosity distribution and double radio relics. In §5 we will show further evidence for a bimodal scenario. We fit two NFW profiles simultaneously assuming the mass-concentration relation of Duffy et al. (2008) and fixing the centers on the two brightest galaxy luminosity peaks near the mass peak locations in Figure 10 . −0.63 × 10 14 M , respectively. The masses from lensing are similar to those estimated from the velocity dispersions in scale; however, the mass ratio is reversed in that the eastern subcluster is more massive according to the lensing analysis ( §4.2). We expect the lensing mass to be more robust given the merging state; although, one possible explanation for the apparent discrepancy is contamination in the substructure analysis. The projected separation is small enough to ensure that some galaxies identified as members of the western subcluster are members of the eastern subcluster and visa versa, which inflates the apparent velocity dispersion. The fact that the denser gas is associated with the western subcluster lends support to it being less massive since less massive clusters have had less dynamical activity in their past. We will utilize the lensing mass estimates for the dynamical analysis (see §7).
To estimate the total mass of the system (rather than the individual subclusters), we numerically integrate the two overlapping NFW profiles in three dimensions out to R 200 , taking the center to be the center of mass between the two mass peaks. We find M 200 = 8.0 +3.6 −2.1 × 10 14 M . We assumed the Duffy et al. (2008) mass-concentration scaling relations in order to generate the corresponding NFW profiles prior to integration. For the velocity dispersion mass estimates, we do not simply add the east and west masses either. Instead, we use the velocity dispersion for the entire cluster. Each of the masses estimated in this subsection are summarized and compared to other mass estimates in Table 5 .
INTRA-CLUSTER MEDIUM ANALYSIS
Global X-ray Properties
The X-ray surface brightness map is presented in Figure 12. The morphology of the surface brightness map suggests an east-west merger between a dense remnant core (in the west in the observed state) and a more tenuous gas cloud in the east. The remnant core has a wake structure trailing behind toward the east, and there is a dense stream of gas trailing in the wake nearly ∼300 kpc. The core-remnant appears to have substantially disrupted the ICM of the eastern subcluster similar to the Bullet Cluster (Markevitch 2006) . There are insufficient counts to classify the core as a cool-core remnant, so we can not make a direct comparison at this time. The core is spatially coincident with the BCG in the west, and trails the DM peak by ∼170 kpc. To the east, there is a distinct albeit substantially disturbed remnant core of gas, which may be what remains of the core of the east Dec (J2000) 1 Mpc Figure 11 . WL peak locations from 1000 bootstrap mass maps from the source galaxy catalog. The contours show the 68% and 95% confidence regions of the peak location for the two subclusters (see §4.3.2). The bootstrapped locations for the red sequence luminosity and X-ray surface brightness data are presented as blue and red points, respectively. The two BCGs are represented with green points. There is much more variability in the locations of the eastern subcluster's components compared to the western subcluster. subcluster's ICM. This has been substantially offset from the BCG in the east by ∼320 kpc (see Table 4 ).
We measured the X-ray temperature and luminosity Figure 12 as a dashed circle. The center of the clus-ter was taken to be the midpoint of the line connecting the BCGs and not the center of mass, but the temperature and luminosity derived are insensitive to the exact location of the centroid because R 500 encapsulates nearly all of the X-ray emission. We extracted all counts within R 500 and the resulting spectra were fitted with XSPEC (v12.9.0 Arnaud 1996). The R 500 spectrum and the best-fitting model are shown in Figure 13 . For the fitting we only used counts in the 0.5-7.0 keV band. The X-ray spectrum is described by an APEC model, and we fixed the metallically to a value 0.3 Z . We assume a value of 0.104 for the redshift of the cluster. The total galactic H I column density was fixed to a value of N H = 0.201 × 10 22 cm −2 (the weighted average N H from the Leiden/Argentine/Bonn (LAB) survey, Kalberla et al. 2005) . We find the global X-ray temperature and luminosity to be 4.9 ± 0.13 keV and 1.7 ± 0.1 × 10 44 erg s −1 in the 0.5-7.0 keV band. We also computed the X-ray luminosity in the 0.1-2.4 keV ROSAT band and found 1.2 ± 0.1 × 10 44 erg s −1 , which is slightly higher than the previous rough estimate base on the ROSAT count rate in van Weeren et al. (2011c) .
These X-ray properties may be translated into mass estimates via scaling relations. For the X-ray luminosity, we use Chandra Space Telescope's PIMMS 6 tool to translate the observed flux into a bolometric flux. We then used the Pratt et al. (2009) (Takizawa et al. 2010; Zhang et al. 2010 ). The X-ray temperature, on the other hand, is a better mass proxy for clusters. Using the Finoguenov et al. (2001) scaling relations and assuming an NFW profile, we find the X-ray temperature scales to a mass of M 500 = (4.4 ± 0.2) × 10 14 M or M 200 = (6.5 ± 0.3) × 10 14 M . The X-ray temperature scaled mass estimate is in better agreement with the WL and velocity dispersion based mass estimates. These masses are summarized and presented for comparison with the other mass estimates from this paper in Table 5 .
X-ray Shocks
Here we fit the X-ray surface brightness profile in the radial direction between the inner and outer radii of the sector shown in Figure 12 using PROFFIT (Eckert et al. 2011 ). The region is chosen to overlap a possible shock at the location of the leading edge of the west radio relic. The regions covered by the compact sources were excluded from the fit. To model the surface brightness profile, we assume the emissivity is proportional to the density squared, and this model is then integrated along the line of sight using spherical symmetry. We fit a standard β-model (Cavaliere & Fusco-Femiano 1976) and broken power-law density model (e.g. Ogrean et al. 2013 ) which can be used to represent a shock in galaxy cluster out- Figure 12 . 42 ks Chandra X-ray surface brightness map (0.5-2.0 keV) for ZwCl 0008. The image was smoothed with a 3.5 Gaussian kernel. The bullet and associated wake feature in the west strongly indicate an east-west merger axis. The morphology is suggestive of a cold front at the head of the bullet and a surface brightness edge associated with a shock further ahead, but the exposure resulted in insufficient counts to prove the existence of either feature. The white dashed circle represents represents the R 500 extraction region and the annular sector has an inner radius just inside of the cold front and just outside of the proposed luminosity jump including the radio relic. The two BCGs are represented with red x's. In the west the BCG and surface brightness peak are nearly coincident, and in the east there is a large offset. The cyan contours show the WSRT radio data presented in van Weeren et al. (2011c) . Figure 13 . Chandra spectrum of the R 500 region centered on the midpoint between the two BCGs of ZwCl 0008 for the full 42 ks exposure. The bottom panel shows the ratio of the data to the model. skirts. The best fitting models are shown in Figure 14 . The total χ 2 for the β and broken power-law models are 17.0 and 13.8 with three and five model parameters, respectively. The BIC scores for the β and broken powerlaw density model are 26.4 and 29.5, respectively. A ∆BIC of 3.1 favors the β model over the broken-power law model, but not strongly (Kass & Raftery 1995) . While we do not find evidence for the presence of a jump from these data near the western radio relic location, this is not unexpected because of the low number of X-ray counts in the radio relic region. The extra parameters of the broken power-law model carry a larger penalty than the gain offered to the χ 2 . In summary, the presence of a radio relic still strongly suggests an underlying shock, but more X-ray data are necessary to uncover it.
Radio Analysis
Large radio features (radio relics and radio halos) highlight the interaction between magnetic fields and relativistic electrons in the ICM (van Weeren et al. 2010) . They are characterized by a steep radio spectrum and their placement within the cluster. Radio relics such as the two present in ZwCl 0008 appear near the outskirts of clusters and are thought to be produced by relativistic particles that have been accelerated by shocks in the ICM. Although the current X-ray data do not support the detection of shocks, a number of studies have found shocks located at the leading edge of radio relics Macario et al. 2011; Shimwell et al. 2015) . The relativistic particles in the ICM are sourced by AGN for some relics (van Weeren et al. in prep) , which are then boosted by the passing shock. They emit synchrotron radiation in the presence of magnetic fields that exist in the ICM (e.g., Bonafede et al. 2010) . Radio relics are often polarized (Ensslin et al. 1998) , which indicates ordered underlying magnetic fields. Here we will analyze the polarization fraction of the two radio relics of ZwCl 0008. The radio observations are described in §2.5.
For producing the final images from the calibrated data we used WSclean (Offringa et al. 2014) . Stokes I, Q, and U images were made with the wide-band (dividing the bandwidth in eight frequency groups) clean and multiscale algorithm. The primary beam corrected continuum images are shown in Figure 15 , and are made with robust=0.5 weighting. These images have a resolution of 12 ×14 and a r.m.s. of 8 µJy beam −1 . Given the galactic contribution of -30 rad m −2 (Taylor et al. 2009 ) to the rotation measure (RM) in the direction of the cluster we can directly produce wide-band Q and U images without introducing much depolarization. A RM = 30 rad m −2 rotates the polarization angle by -0.7 rad (-20 • ) at 2 GHz, decreasing to -0.3 rad (-9 • ) at 3 GHz and -0.17 rad (-5 • ) at 4 GHz. From the Q, U images we created images of total linear polarized intensity ( Q 2 + U 2 ) to map the polarization fraction across the relics. A polarization vector E-field map was added to each panel of Figure 15 . Polarized flux from both relics is detected and the integrated polarized fraction for the relics is 30% and 18% for the east and west relics, respectively. Locally, at a few places the polarization fraction reaches about 40%, most noticeably for the eastern relic.
MERGER SCENARIO
In this section, we will take stock of the evidence from the various sources to develop an understanding of the merger scenario before we study the merger dynamics in §7.
The red sequence luminosity distribution of ZwCl 0008 displays general bimodality (see Figure 9) . A GMM analysis on the spectroscopic catalog (see §4.1) confirms these two subclusters, and reveals them to be at very similar LOS velocities (∆v = 92 ± 164 km s −1 ), which implies that the merger is either occurring within the plane of the sky, and/or the merger is at its apocenter. A joint HST+Subaru WL analysis also confirms the two subcluster scenario (see §4.3.2) and shows the east subcluster to be ∼4-5 times more massive than the west subcluster (see §4.4). The two luminosity peaks are separated by 944 +30 −40 kpc in projection. We analyze the mass distribution with a bootstrap analysis on the WL source catalog. We find the projected separation between the east and west peaks to be 924 +243 −206 kpc, which is in good agreement with the luminosity separation. The dynamics analysis in §7 requires the velocities, masses, and projected separation. The velocities and masses are described above, and we use the mass separation because mass is the dynamical entity in the merger.
There is tremendous value added by the ICM analysis of §5 to the dynamical interpretation because it provides the direct evidence that the cluster is in a post-rather than a pre-merger stage. The most direct evidence would be from the detection of shocks in the Chandra data. In §5.2, we fit both a β and shock-jump model to the X-ray radial profile in a region that overlaps the western radio relic. While the X-ray profile is modeled slightly better by a shock-jump rather than a β-model, there are insufficient X-ray counts near the relic to effectively measure the likelihood of each model with confidence. This is not to say that there is no valuable information in the X-ray data. The "bullet" feature in the western subcluster is clear evidence for a post-merging scenario. Furthermore, the fact that the X-ray core is so close to the west BCG is a clue to the age of the merger. The merger takes place over a couple billion years. During the outbound portion (after core passage, but before apocenter), the ICM lags the DM halo. However, after the ICM has fallen behind, there is a reacceleration phase known as the slingshot effect, which has been observed in several cluster mergers (Merten et al. 2011; Ng et al. 2015; Golovich et al. 2016 ). The gas-core in ZwCl 0008 is just ∼12 kpc away from the BCG (compared to ∼200 kpc in the Bullet Cluster). This suggests that the slingshot reacceleration is more advanced than the Bullet Cluster but less so than El Gordo. Perhaps there has not been enough time for the gas-core to overtake the mass peak in a slingshot scenario (Hallman & Markevitch 2004 ). We will explore this possibility further using the position of the radio relics and the output of the dynamical Monte Carlo analysis in §7.
Despite the lack of sufficient X-ray counts to definitively detect a shock, the collinearity of the two radio relics with the two distinct subclusters provides sufficient evidence to state that ZwCl 0008 is in a post-merger stage. In §5, we analyzed JVLA/C and D array data, and estimated an updated polarization fraction of 30% and 20% for the east and west relics, respectively. The observed polarization fraction depends on the viewing angle of the radio relic. Ensslin et al. (1998) provides a model to place an upper limit on the angle of the merger axis with respect to the plane of the sky (α) based on the observed polarization fraction of the radio relic. This was demonstrated in MHD simulations by Skillman et al. (2013) , who found that it was found that face on observations resulted in observed polarization fraction of ∼ 10%, Figure 12 with a best fit β-model (left) and shock-jump model (right). The β model is preferred by the BIC score; although, the presence of a radio relic strongly suggests an underlying shock. The western radio relic is represented by the shaded region in each panel. Figure 15 . S-band JVLA combined C and D-array image for the east (left) and west (right) radio relics of ZwCl 0008 with overlaid electric field vectors showing the polarization fraction. The eastern relic is much larger and has a higher polarization. The western relic sits just to the west of several radio loud galaxies.
whereas edge on observations could be as high as 60%. Using the model from Ensslin et al. (1998) the 30% polarization fraction of the eastern radio relic implies a merger axis within 38
• of the plane of the sky. Parts of the eastern radio relic were polarized as much as 40%, which implies a merger axis within 29
• . We will take the conservative estimate for the dynamics analysis in §7. This result is corroborated by the small LOS relative velocity of the two subclusters. The free-fall velocity at pericenter (or expected maximum relative collision velocity) using the WL masses of §4.4 is 2910 km s −1 . Comparing this to the low line of sight velocity difference implies that ZwCl 0008 is near apocenter and/or is merging with a substantial fraction of its merger axis parallel to the plane of the sky.
Overall, ZwCl 0008 resembles the Bullet Cluster in that a gas-core associated with a lower mass subcluster has disrupted the more massive subcluster's ICM and stayed intact through the collision; however, the merger appears to have evolved further than the Bullet Cluster. An interesting feature is that the ICM in the east is offset far from the BCG and DM peak, whereas the west ICM peak is much more coincident with the BCG and DM, which is similar to the recent findings in Abell 1758N (Monteiro-Oliveira et al. 2016) . The merger axis is along an east-west axis based on the cometary shape and disrupted nature of the ICM, the bimodal mass and galaxy distributions, and the collinear radio relic with each of the subclusters.
MERGER DYNAMICS
In this section, we assemble the results of the preceding analysis to study the dynamical state of ZwCl 0008. We will use the dynamical analysis code MCMAC 7 (Dawson 2014) introduced and described in detail by Dawson (2013) in an analysis of the Bullet and Musketball clusters. The code has also been used on El Gordo (Ng et al. 2015) , MACS J1149.5+2223 (Golovich et al. 2016) , and Abell 3411 (van Weeren et al. in prep) . The code models two NFW halos merging in otherwise empty space. We aim to estimate the timescale and velocity of the merger between the two subclusters of ZwCl 0008 as well as constrain these and geometrical properties with sampling importance resampling.
7.1. Inputs and implementation MCMAC takes five inputs and their associated uncertainties generating Gaussian priors on the following parameters: the projected separation of the two subclusters in the observed state, the masses of the two subclusters, and the redshifts of the two subclusters. The parameters are defined schematically in Figure 16 . Inputs include the projected separation between the two mass peaks (see 4.3.2), lensing masses (see §4.4), and subcluster redshifts (see Figure 4 .2). We run the Monte Carlo analysis until we achieve 2×10 6 physical realizations. Posterior probability density functions (PDF) for a series of parameters (five input, three geometric, five dynamical) are output. The input parameters consist of: M 200-E , M 200-W , z E , z W , and d proj . The geometry parameters consist of the randomly drawn α, which is the angle between the plane of the sky and the merger axis (α = 0 implies parallel to the plane of the sky), calculated d 3D , and calculated d max . The velocity/time parameters consist of: TSC 0 (time since pericenter in the outbound case), TSC 1 (time since pericenter in the returning case), T (period), v 3D (t col ) and v 3D (t obs ).
Radio Polarization Prior
The largest uncertainty comes in the unconstrained value for α (Dawson 2013) . We make use of the polarization fraction of 30% from our radio analysis in §5.3 to set an upper limit on α of 38
• as discussed in §6. This constraint greatly reduces the uncertainty in many of our estimates. Figure 17 shows the effect on the joint posterior PDFs for two parameters in our dynamical analysis. We summarize the output parameters and their 68% and 95% confidence limits (with the polarization prior) in Table 6. Figure 17 . ZwCl 0008 joint posterior PDFs for the time since collision in the outbound state versus the three dimensional separation in the observed state for the merger between the east and west subcluster. The dashed contours show the default estimates from the dynamical Monte Carlo analysis. The dark and light blue contours show the 68 % and 95% confidence limits, respectively, and show the benefit that the radio relic polarization provides. a M 200 mass; z redshift; d proj projected subcluster separation; α angle between the merger axis and the plane of the sky; d 3D 4-D subcluster separation; dmax 3-D maximum subcluster separation after core passage; v 3D (t obs ) subcluster relative velocity in the observed state; v 3D (t col ) subcluster relative velocity at core passage; T SC 0 time since collision for the outbound scenario; T SC 1 time since collision for the return scenario; T time between collisions. See Dawson (2013) for more details on these quantities. b Biweight-statistic location (Beers et al. 1990) c Bias-corrected lower and upper confidence limits (Beers et al. 1990) 7.3. Radio Relic Locations The dynamical analysis utilized in this section does not take into account dynamical friction; thus, the equations of motion are time-reversible and degenerate between a still outbound and returning scenario for a given random realization. We have mentioned that the X-ray gas-core in the west is much more intact and nearly coincident with the BCG in the western subcluster, which could suggest a merger near turnaround if this is interpreted as an intermediate stage of the slingshot effect (Hallman & Markevitch 2004) . Here we will make use of the radio relics to attempt to break this degeneracy and further constrain the dynamical parameter estimates.
For each Monte Carlo realization, the center of mass is computed and fixed to the inferred merger axis defined by the line connecting the two mass peaks in the mass map in Figure 10 . The projected distance from the center of mass in each realization to the leading and trailing edge of the relics is measured. The observed position of the relics is compared to a calculated relic position estimated following the formalism developed in Ng et al. (2015) . The output realizations for the MCMAC analysis are used to predict the expected location of the radio relics. ICM shocks from cluster mergers are thought to be generated near the center of mass during core passage and propagate outward with a speed similar to the merger velocity of the two subclusters (Springel & Farrar 2007; Paul et al. 2011; van Weeren et al. 2011b ). Springel & Farrar (2007) showed for the Bullet Cluster, the timeaveraged shock propagation speed is 90% of the collision speed. For ZwCl 0008, the merger age is older. We extrapolated the results of Springel & Farrar (2007) and estimate the time-averaged shock propagation speed to be 70-90% of the collision speed. We represent decrement in shock propagation speed with respect to the collision speed as a factor β, which we randomly draw from U (0.7, 0.9). We calculate the expected projected shock propagation distance (in the center of mass frame) for the two relics for each of the two age estimates from our dynamical analysis:
where i and j refer to the two subclusters, β is drawn from U (0.6, 0.9), v 3D is the three dimensional collision velocity of the two subclusters, TSM is the time since merger pericenter in either the outbound or return case, and α is the angle between the merger axis and the plane of the sky. These values are calculated for each realization output by MCMAC and are normalized and plotted in Figure  18 . The black lines indicate the observed position of the leading edge of the radio relic (where the shock is assumed to be located) with respect to the center of mass, and the blue and green curves represent the normalized posterior PDFs for the expected shock position using the MCMAC estimates.
The eastern shock is far from the center of mass and puts slight tension on the outbound scenario. This could be due to a number of factors, but possibilities include issues with mass estimation and location of the two DM haloes related to the low lensing signal of our photometry. Also, perhaps the propagation of the two shocks is more complicated than our one parameter (β) model can describe. Meanwhile, the west relic's observed position is nearly equally described by the outbound or return scenarios.
To check the consistency to our observations of this simple one-parameter model of radio relic propagation, we kept only Monte Carlo realizations that satisfy the shock locations. The relic locations require a mass ratio of 2:1, which is not ruled out by our lensing results with 1-σ confidence.
DISCUSSION
In this section, we discuss our findings in relation to previous studies of ZwCl 0008 and in comparison to other systems that we have studied. We expand upon our findings regarding offsets between subcluster components and the merger phase, which is important to quantify in order to understand the offsets in regards to alternate models of DM. We also consider this merger's place among other double radio relic clusters.
Comparison to Previous Studies of ZwCl 0008
Three previous studies of ZwCl 0008 are in the literature. Two of these are radio analyses. van Weeren et al. (2011c) first presented a merging picture based on the discovery of two radio relics from GMRT and WSRT data and bimodal photometric galaxy distribution based on INT imaging. The radio relics are revealed to be polarized at ∼25% with spectral steepening towards the cluster center. Meanwhile, Kierdorf et al. (2016) recently studied the east radio relic of ZwCl 0008 at high radio frequencies. Our JVLA data reveal slightly higher polarization values, which we attribute to depolarization in the lower frequency WSRT observations. Meanwhile, Kierdorf et al. (2016) mentions that deeper observations at the high radio frequencies that they analyzed are necessary to fully map the polarization structure. van Weeren et al. (2011c) found the relics to indicate Mach numbers of (M) of 2.2 +0.2 −0.1 and 2.4 +0.4 −0.2 for the east and west relics, respectively. If we assume a uniform global temperature, the shock propagation speed in a ∼5 keV gas is ∼1150 km s −1 , which corresponds to shock propagation speeds of ∼2500 km s −1 and 2750 km s −1 for the east and west relic, respectively. These propagation speeds represent the speed of the (presumed) shock at the leading edge of the relics relative to the frame of the medium and not the merger speed, which should be lower since the medium is likely flowing inward against the shock. The merger speed was estimated in §7 to be 1800 +400 −300 km s −1 . Kang et al. (2012) studied ZwCl 0008 via diffusive shock acceleration simulations and found that a projection angle between 25 and 30
• to best model the spectral index and radio flux. We estimated the angle to be 17
• from the plane of the sky. Furthermore, using the radio relic polarization, we set an upper limit on the viewing angle of 38
• . Our results are in good agreement with Kang et al. (2012) .
Comparisons to Other MCMAC Studies
We have studied six mergers with the dynamical analysis technique used in §7. Each of these clusters are major mergers, and ZwCl 0008 less massive than each except the Musketball Cluster. ZwCl 0008 is ∼ 50% of the mass of the other clusters. Figure 19 shows the relationship between joint posterior PDFs for the time since collision and the three dimensional collision speed. Also plotted are the 68% confidence regions for MACS J1149 (Golovich et al. 2016) , the Bullet and Musketball clusters (Dawson 2013) , El Gordo (Ng et al. 2015) , and Abell 3411 (van Weeren et al. in prep) .
ZwCl 0008 is most similar to the Bullet Cluster morphologically; however, it occupies a slower and older portion of dynamical phase space. This makes sense since higher mass inflates the merger speed due to the larger gravitational attraction between the subclusters before pericenter. The Musketball cluster has a higher merger speed despite its lower mass, but we note that the dynamical analysis is highly uncertain due to its low mass and lack of radio data to further constrain the results. Figure 19 . The joint posterior PDFs for three dimensional merger velocity and time since collision in the outbound and return cases. Dark and light blue (green) contours represent 68% and 95% confidence regions for the outbound (return) scenario, respectively. The values for the same parameters for the Bullet Cluster, MACS J1149, Abell 3411, and the Musketball clusters (green, red, orange, purple, and brown, respectively), which were analyzed similarly (Dawson 2013; Golovich et al. 2016; Ng et al. 2015) are overlaid for comparison. The gray shading corresponds to the combined likelihood for the outbound and return scenarios, which we are unable to select between.
Double Radio Relic Clusters
The presence of two radio relics on opposite sides of ZwCl 0008 provides substantial evidence that the merger is largely bimodal and head on (van Weeren et al. 2011a ). This feature validates the zero impact parameter assumption made in our dynamics analysis. It also ensures maximal interaction between the passing DM and ICM and thus substantial disruption and formation of offsets.
de Gasperin et al. (2014) provides a list of 15 such systems (including ZwCl 0008) and studied them for correlations between mass, radio luminosity, relic position, morphology, and redshift. For the mass relations, de Gasperin et al. (2014) utilized the M 500 estimates derived from the SZ effect by the Planck Collaboration (Planck Collaboration et al. 2015) for all but three clusters, which are not present in the Planck catalog. For those three clusters, they used X-ray luminosity measurements and scaling relations from Pratt et al. (2009) . The presence of radio relics strongly implies associated shocks traveling in the ICM. These shocks transfer heat more efficiently to protons, which then come to equilibrium with electrons in the post-shock region through coulomb coupling over the course of 10 7-9 Yrs (Takizawa 1999) . Thus, mass proxies based on empirical scaling relations of ICM observables are inaccurate for merging clusters as the gas is neither in thermal equilibrium with itself or in gravitational equilibrium with the DM halo. Furthermore, since the ICM reproaches thermal equilibrium, the accuracy of these mass proxies varies. Therefore, gravitational lensing is preferable in these cases since the lensing signal is only dependent on mass and distances.
We use the Duffy et al. (2008) mass-concentration scaling relations to convert our M 200 mass estimate from our lensing analysis to M 500 . For ZwCl 0008, we find M 500 ∼ 5.5 × 10
14 M compared to M 500 = 3.3
+0.46
−0.50 × 10 14 M from the Planck catalog. This verifies the value of updating the rest of the mass estimates where possible. We also note that since de Gasperin et al. (2014) was published, three additional double radio relic systems have been identified. PSZ1 G108.18-11.53 was recently discovered to have two powerful radio relics (de Gasperin et al. 2015) ; additionally, with the help of low-frequency radio observations with LOFAR, both Abell 2034 (Shimwell et al. 2016 ) and the Toothbrush Cluster (van Weeren et al. 2016 ) have been shown to contain multiple radio relics. Most recently, Riseley et al. (2017) show MACS J0025.4-1222 to contain two radio relics, which brings the total to 19 known systems hosting multiple radio relics. 8.4 . Interpreting the Offsets In Table 3 we presented peak locations and projected separations between the east and west subcluster components of four location proxies (lensing peak, red sequence luminosity peak, BCG location, and X-ray peak). For the east-west offsets, the DM and galaxy proxies give consistent estimates of ∼900 -1000 kpc between the east and west subcluster centers. These offsets should agree assuming ΛCDM. Meanwhile, the ICM interacts during the merger much more strongly, so we expect significant departure in the distance between the remnant gas peaks as compared to the DM and galaxies. This discrepancy is what motivated the term dissociative cluster to describe this phase of cluster formation.
Note that the findings in merging clusters are in sharp contrast with relaxed clusters. Ng et al. (in prep) analyzed an ensemble of halos in the Illustris simulation (Vogelsberger et al. 2014) and found that the BCG is the most accurate indicator of cluster peak locations among galaxy location proxies when compared to peak of the gravitational potential. Ng et al. (in prep) also examined galaxy luminosity density and galaxy number density and found that the luminosity density is nearly as accurate as the BCG location, but the number density distribution is a poor proxy for locating the galaxy distribution in relation to the gravitational potential. We examined offsets between the BCGs, red sequence luminosity distribution, lensing mass distribution, and X-ray surface brightness distributions. These are presented in Table 4 for each subcluster.
As expected, we find large offsets between the lensing mass and ICM peak locations in each subcluster. The total mass leads the gas in each subcluster substantially. The galaxy (luminosity and BCG) proxies are notably discrepant from the lensing position, which is unexpected in ΛCDM; however, due to the low lensing signal in our imaging data, these offsets are statistically insignificant. In the east, the total mass trails the red sequence luminosity peak by 249 +126 −141 kpc and the BCG by 319 +72 −173 kpc. Meanwhile, in the west, the total mass leads both the luminosity distribution peak and the BCG by 170 +130 −131 kpc and 168 +131 −133 kpc, respectively. It would unusual to see offsets with mixed signs such as this where the DM trails the BCG in one subcluster but leads the BCG in the other subcluster. Deeper imaging will be needed to probe these offsets more thoroughly. In ΛCDM, it is expected for the galaxies and DM to coincide. Kim et al. (2016) found the DM to lead the galaxies in their self-interacting dark matter (SIDM) simulations of during later phases of bimodal mergers (after apocenter as the subclusters approach for a second core passage), but these offsets were an order of magnitude smaller than the measured offsets in ZwCl 0008. Also, we note that these simulations were between equal mass subclusters and do not include hydrodynamics; however, they are the most detailed examination yet of the complete time evolution of the DM-galaxy offsets.
The offset between the BCG and luminosity peak in the east is also interesting. We note that it is biased by our choice of smoothing kernel for the red sequence density map, which was selected to maximize the likelihood of our data under the KDE via a take-one-out crossvalidation scheme. The optimal kernel was was 96 ×52 along the RA and DEC axes. We elected to smooth the luminosity distribution with a circular 74 kernel; however, if we had instead chosen a 52 kernel, there would be two sub-peaks in the luminosity distribution in the east. No other evidence points to composite substructure in the east, so we chose against a 52 kernel. With a 96 smoothing kernel, the east-west alignment of the subclusters began to disappear as the luminosity peaks become blended.
Also notable is that the ICM and galaxy distributions are in close agreement in the west subcluster but not in the east subcluster. This is reminiscent of Abell 1758N (Monteiro-Oliveira et al. 2016) .
Previous studies have utilized offsets between the galaxies, DM, and gas to derive upper limits on σ SIDM (see e.g., Randall et al. 2008; Merten et al. 2011) . ZwCl 0008 is a suitable system for such a calculation; however, the relatively low mass and redshift lowers the lensing signal compared to other clusters that we have examined with similar techniques (e.g., the Sausage and Toothbrush clusters: Jee et al. 2015 Jee et al. , 2016 . The lower lensing signal limits our ability to pin down these offsets for a reliable independent estimate. It would be beneficial to extend the HST observations and obtain deeper imaging at all wavelengths to more precisely model the ICM, DM, and galaxy distributions as neces-sary to investigate these offsets individually for an SIDM signal. The Merging Cluster Collaboration is analyzing a sample of 29 merging clusters to study as an ensemble, which will allow for a more robust investigation of these offsets in merging clusters. We will include these two subclusters in our future ensemble analysis.
Merger Phase
Characterization of the phase of the merger is an important task if clusters are to be used to constrain SIDM (Kim et al. 2016) . In SIDM models, offsets between the galaxy and DM distributions of subclusters grow and shrink over the life of the merger, but in the time between the first pericenter crossing and apocenter the DM is expected to fall behind the galaxy distribution before the subclusters slow and gravity takes over. Even in ΛCDM, the time evolution of offsets between the DM and ICM are time dependent, so no matter the model for DM, it is important to understand the phase of the merger. Here we discuss our ability to constrain the phase of ZwCl 0008.
First, we used the Monte Carlo samples from our dynamical analysis in conjunction with the location of the radio relics to select between outbound and return models (see §7.3). This analysis gave unclear results for the phase of the merger. The west radio relic location is equally described by outbound or returning scenarios, but the east radio relic's location is marginally better described by a return scenario. Due to this discrepancy, we seek a second method to constrain the phase of the merger.
Using the MCMAC parameters for the time since collision and the period, we define a dimensionless phase: τ =
T SC
T . The Bullet Cluster is clearly in the outbound scenario based on the location of the shocks and has τ = 0.27. This is also clear from the X-ray surface brightness morphology and the location of the cool-core, which is ∼80 kpc behind the mass peak. Assuming the outbound state, ZwCl 0008 has τ = 0.38, but the shock positions are inconclusive for model selection. However, ZwCl 0008 contains a gas-core remnant that has a very similar morphology as the Bullet Cluster. It appears to be traveling to the west, yet it is nearly coincident with the BCG (trails by just 12 kpc). The offset with the mass peak is much larger (176 +134 −129 kpc). The large uncertainty is due to our low lensing signal. This offset is expected to switch sign near apocenter. This has been described as the slingshot effect (Markevitch & Vikhlinin 2007) , where the DM slows to a stop at apocenter, and the gas-core, which had fallen behind due to ram-pressure is accelerated toward the slowed subcluster and then shot past. This has been observed in Abell 168 (Hallman & Markevitch 2004 ) and El Gordo (Ng et al. 2015) . In El Gordo, Ng et al. (2015) showed that the radio relics are in agreement with the ram-pressure slingshot picture given the dynamical analysis. Thus, El Gordo is in the return phase of the merger (τ > 0.5). The Bullet Cluster and El Gordo thus may be viewed as two stages of the rampressure slingshot process, which occurs around τ = 0.5. To establish a relationship between the merger phase and the offset between the ICM and its host dark matter halo would require more clusters as well as hydrodynamic simulations. It is likely that this relationship would be most robust in clusters containing cool-core remnants like the Bullet Cluster and El Gordo.
In ZwCl 0008, the X-ray surface brightness profile reveals a remnant gas-core associated with the west subcluster that has a trailing wake feature. This implies that the gas core is still outbound, and the fact that the gas-core remnant is still trailing its host subcluster in the west could be indicative of a merger that is still outbound in general, but the dark matter halo could have already reached apocenter, which would mean the ICM is undergoing the ram-pressure slingshot in the observed state. Unfortunately, the uncertainty in the lensing mass location and the small offset between the galaxy distribution and the ICM inhibits our ability to constrain the phase of the merger based on the slingshot effect.
It is noteworthy that most time in spent near apocenter in a bimodal merger, thus it is possible that the seemingly discrepant results regarding the phase of ZwCl 0008 point to the merger's temporal proximity to apocenter. This is substantiated by the small line of sight velocity difference between the two subclusters, which could imply that the merger is observed near apocenter.
Summary
We have presented a rich dataset including X-ray, radio, and optical photometry and spectroscopy. ZwCl 0008 is composed of two subclusters merging along an east-west axis that is collinear with the two subclusters, the "bullet"-like ICM, and two radio relics. We find the east subcluster to be more massive than the west subcluster. The X-ray surface brightness displays a beautiful gas remnant and wake feature associated with the west subcluster. The trailing wake indicates that the gas-core remnant is moving to the west in the observed state; however, we are unable to confidently state that the dark matter halos are still traveling outwards or they have begun returning post-apocenter.
The radio relic polarization indicates the merger is occurring within ∼ 40
• of the plane of the sky. With the above results as input into a dynamical Monte Carlo analysis, the cluster is found to have merged with a velocity of 1800 +400 −300 km s −1 . Pericenter occurred 0.76
+0.24
−0.27 Gyr or 1.3 +0.90 −0.35 Gyr ago in the outbound and return scenarios, respectively. While we are unable to select between the outbound and return scenarios, the positions of the gas and BCG may suggest that ZwCl 0008 in an intermediate stage of the ram-pressure slingshot. We find substantial offsets between the total mass and galaxy distributions in each subcluster; however, these offsets are statistically insignificant given the low lensing signal in our data. Finally, the similarities to the Bullet Cluster could prove to be valuable for tests of alternative DM models. Such tests will be more robust if we have many Bullet-like clusters at a variety of phases and merger speeds, especially if they are transverse such as ZwCl 0008.
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